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1. Introduction

Direct electrochemistry, the direct electron transfer between
electrode and protein or microbe has been extensively studied
due to not only its fundamental importance in biological or-
ganisms and bioelectrochemistry, but also due its remarkable
potential applications in biofuel cells,[1, 2] biosensors[3–8] and bio-
electronics.[1] Nevertheless, it often encounters a major obsta-
cle resulting from the deeply embedded redox centers in a sur-
rounding “insulation layer” of a protein or microbe.[1, 9] Thereby,
it is of great importance to shorten the electron-tunneling dis-

tance between the redox center of the protein/microbe and
the electrode to enable direct electron transfer.[9] Recent stud-
ies have demonstrated that direct electrochemistry can be real-
ized by uniquely nanostructured electrodes,[10–24] which could
access the embedded redox centers of proteins or microbes
while increasing surface area, enhancing mass transport and
controlling the electrode microenvironment.[1, 10–14] Further,
some physico-chemical properties, including conductivity, hy-
drophilicity and interfacial resistance are essential to enhance
the direct electron transfer rate.[18, 25–27] Conductive nanostruc-
tures such as various carbon nanomaterials[10–14] and noble
metal (Au/Pt) nanoparticles[15–17] have been utilized on the elec-
trode surface to facilitate the direct electron transfer of pro-
teins, but they are expensive and hydrophobic. Hydrophobicity
is often a serious problem that makes it difficult for the reac-
tant in an aqueous solution to access the reaction sites on the
electrode surface.[11] Highly porous metal oxide nanostructures
(TiO2, ZnO, etc.)[8, 18–20] and some layered inorganic materials
(clay, phosphates, titanate)[21–24] are superior to many carbon
and metal nanostructures in hydrophilicity and sometimes in
specific surface area. However, a lack of good electrical con-
ductivity limits their performance in direct electrochemistry.
The conductivity and hydrophilicity may be improved by incor-
poration of hydrophilic or/and conductive materials into elec-
trodes[12–17] or functionalization of electrode surfaces.[1, 10, 11]

These approaches often involve a complicated process and
could result in low stability and poor reproducibility. In addi-
tion, the significant interfacial resistance introduced by coating
or depositing nanostructure material onto an electrode surface
could also greatly inhibit direct electrochemistry.[6, 26] There is
a great challenge to economically fabricate an advanced mate-
rial with novel nanostructure, good conductivity, high hydro-

A potassium tungstate (K0.33WO3) nanosheet film grown direct-
ly on a conductive tungsten (W) substrate by a hotplate-heat-
ing approach effects direct electron transfer between the W
electrode and a biocatalytic protein or microbe, a long-sought
effect of both fundamental and practical importance. The
K0.33WO3 forms into a 5–20 nm thick multilayered nanosheet
with a number of steps along the surface. A single nanosheet
of K0.33WO3 is hydrophilic and highly electron conducting (resis-
tivity ~8.3 � 10�3 W cm), characteristic of metallic behaviour.
Glucose oxidase (GOD) immobilized on a K0.33WO3-nanosheet-

coated electrode demonstrates facile direct electron transfer.
The electron transfer rate constant (ks) is ~9.5 s�1. This elec-
trode has been used to construct a direct electrochemistry-
based glucose sensor, which exhibits good sensitivity (as high
as ~66.4 mA mm

�1 cm�2), fast sensing response time (~4 s),
a low detection limit (0.5 mm), high selectivity and good relia-
bility in practical uses. Growing K0.33WO3 nanosheet on electro-
des offers a promising general approach for effecting direct bi-
oelectrochemistry for widespread uses in bioelectronic and bi-
oenergy applications.
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philicity, large specific surface area and low interfacial resist-
ance.[28–30] As a promising solution to the challenge, in this
work, direct growth of a unique conductive and hydrophilic
nanostructured material on an electrode surface is conducted
to eliminate the tedious process conventionally used in elec-
trode fabrication with use of polymer binders, while providing
stronger adhesion and better electrical contact to significantly
reduce the interfacial resistance caused by the nonconductive
binder and loose electrical contact. This also offers an opportu-
nity to fabricate completely integrated bioelectronic systems.
A possible mechanism to explain the fast direct electron trans-
fer between the unique nanostructured material and protein is
proposed.

Tungsten bronzes, non-stoichiometric compounds with
a general formula AxWO3 (0<x<1/3),[31] where A can be an
alkali metal, lead, thallium, copper, silver, or a lanthanide, have
shown interesting photochromic, electro-optic and supercon-
ducting properties.[31–33] In particular, hexagonal potassium
tungsten bronzes KxWO3 have attracted growing attention
with respect to nanostructures and physical properties (such
as polarized micro-Raman scattering and electron field emis-
sion) in the past few decades.[34–40] However, their potential ap-
plications, especially their biosensing applications have never
been exploited. Nanosheets, which are ultrathin, a high sur-
face-to-volume ratio and interesting functions, are one type of
ideal nanostructure to fabricate nanodevices.[41–43]

Herein we demonstrate the direct growth of a novel
K0.33WO3 nanosheet from tungsten (W) foil. Interestingly, owing
to its unique structure, the K0.33WO3 nanosheet exhibits excel-
lent electrical conductivity, good hydrophilicity and biocompat-
ibility, making it an ideal candidate to immobilize proteins for
direct electron transfer. Biosensors have continued to fuel
great interest in recent years for their important applications in
clinical diagnosis, environmental monitoring and food quality
control.[44–47] Direct-electrochemistry-based enzymatic biosen-
sors[3–8] can offer high sensitivity due to their fast electron
transfer rates and superior selectivity, as the low redox poten-
tial reduce or eliminate interference reactions.[9] As a model ex-
ample, we demonstrate herein an as-grown K0.33WO3 nano-
sheet film electrode that simultaneously possesses good con-
ductivity, high hydrophilicity and low interfacial resistance for
fast direct electrochemistry of glucose oxidase (GOD), thus
leading to a novel direct-electrochemistry-based glucose bio-
sensor with very high sensitivity and low detection limit in the
presence of interfering agents, among the best ones to date in
both cost and sensing performance.

2. Results and Discussion

2.1. Structure, Electronic Conductivity and Hydrophilicity

The morphology of the as-prepared sample was examined by
using field-emission scanning electron microscopy (FE-SEM).
After heating at 600 8C for 24 hours in air, the pre-treated W
foil was uniformly covered by ultrathin nanosheets with a thick-
ness of 5~20 nm (Figure 1 a). Figure 1 b shows the X-ray dif-
fraction (XRD) pattern of the as-grown sample. All the peaks

can be indexed to the pure hexagonal potassium tungsten
bronze K0.33WO3 (JCPDS file No. 26-1345) and no impurities
were identified. Figure 1 c shows the typical transmission elec-
tron microscope (TEM) image of K0.33WO3 nanosheet, which is
ultrathin and homogeneous. In the high-resolution TEM
(HRTEM) image (Figure 1 d), the interplanar spacing of 3.76 � is
revealed, corresponding to that of the (002) plane. The select-
ed-area electron diffraction (SAED) pattern (inset of Figure 1 d)
confirms the single-crystal nature of nanosheet. From the
SAED, the wide surface of nanosheet can be determined as the
(200) plane.

The composition of nanosheets is further confirmed by X-ray
energy-dispersive spectroscopy (EDS) analysis (Figure 2). Figur-
es 2 b–d show the elemental mapping results of the single
nanosheet in Figure 2 a. The images correspond to the O K-
edge, W M-edge, and K K-edge signals, respectively. It can be
clearly seen that potassium ions are uniformly distributed in
the nanosheet at a low density. The EDS datum (Figure 2 e)
also indicates the presence of K, W and O elements, in which
the C and Cu peaks come from the underlying carbon-coated
Cu mesh.

The nanosheet thickness was further determined by atomic
force microscopy (AFM). The representative AFM height image
is shown in Figure 3 a (inset). The height profile across the
nanosheet indicates a thickness of ~15 nm, consistent with the
SEM observation. Interestingly, there is a clear step on the
nanosheet, with a homogeneous height of ~4 nm. It is well-
known that the K0.33WO3 structure comprises a rigid tungsten–
oxygen framework built up of units containing corner-sharing
WO6 octahedra that are arranged in six-membered rings.[34, 35]

The units are stacked along the [001] axis, giving rise to one-di-
mensional hexagonal channels, which are occupied randomly
by potassium ions (Figure 3 b). Therefore, the presence of uni-
form step on wide surface of the sheet may be due to facet

Figure 1. a) SEM image and b) XRD pattern of the as-prepared nanosheet
film. The inset in (a) shows an individual sheet. c) Typical TEM image of the
nanosheet. d) HRTEM image and the SAED pattern of a single nanosheet, re-
vealing that the 2D surface is (200).
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cleavage of both (200) and (002) planes and it is a direct indi-
cation of the multilayered configuration of nanosheets. More
than ten nanosheets were examined by AFM and in most
cases cleavage cracks could be detected. Figure S1 (Supporting
Information) shows another example where one can observe

three obvious sharp steps with an average height of ~3 nm on
the nanosheet surface. The presence of these steps is believed
to facilitate the adsorption of oxidases such as GOD.

The Raman spectrum in Figure 3 c shows three groups of
peaks in the regions of 900–1000, 600–850 and 200–400 cm�1,
which can be assigned to W=O stretching, O�W�O stretching
and O�W�O bending modes, respectively.[37] Figure 3 d shows
Ids versus Vds curves obtained from the field-effect transistor
(FET) device made of a single K0.33WO3 nanosheet with various
Vg varying from �20 to 20 V. The linear Ids–Vds curves indicate
that the Au electrodes form good ohmic contacts with the
K0.33WO3 nanosheet. The resistivity is about 8.3 � 10�3 W cm.
Compared with traditional metal oxide nanostructures (e.g.
ZnO, SnO2),[48] the resistivity of the K0.33WO3 nanosheet is signif-
icantly lower (five orders of magnitude difference). Moreover,
no gate effect could be observed. The high conductivity may
be explained considering the crystal structure of K0.33WO3.[35] As
discussed above, K+ occupies hexagonal channels formed by
the stacking of many units. In K0.33WO3, the K+ content is low,
only the larger hexagonal channels contain K+ . Thus K+ can
easily dwell in these channels without the distortion of the
parent WO3 framework, and provide electrons to the WO3 lat-
tice.[49] This should lead to a significant decrease of resistivity
and the metallic behavior.

Another remarkable property of K0.33WO3 nanosheet is its
good hydrophilicity, as confirmed by dynamic contact angle
(CA) measurements (Figure 4). When water is dropped on the

nanosheet film surface, after only 0.3 s the CA decreases to
less than 58. A similar phenomenon can be observed when the
water drop is replaced by a drop of protein solution containing
GOD (15 mg mL�1 in 0.01 m PBS, pH 7.0). It is well-known that
protein molecules consist of hydrophilic and hydrophobic
groups. Under biological conditions, the hydrophilic groups of
the protein, such as amido and carboxyl, are exposed to the
environment and the hydrophobic groups are assembled in
the inner core. Thus, they can easily adsorb to the hydrophilic
surfaces. The small observed CA indicates that this surface is
ideal for GOD immobilization, and can provide a favorable mi-

Figure 2. a) A single nanosheet. b)–d) EDS maps depict the distribution of
the constituting elements within the nanosheet. e) EDS datum indicating
the presence of K, W and O.

Figure 3. a) AFM height profile across a single nanosheet. Inset is the AFM
height image. b) Crystal structure of K0.33WO3 projected along the c- and a-
axes, respectively. Potassium ions occupy the hexagonal channels along
c axis randomly. c) Raman spectrum of the nanosheet. d) Ids versus Vds curves
obtained from the FET device (inset) made of a single K0.33WO3 nanosheet
with various Vg : from �20 to 20 V.

Figure 4. Change in the contact angle (CA) change of a water drop on the
K0.33WO3 film surface.
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croenvironment for the maintenance of its bioactivity. The bio-
compatibility was also estimated by UV/Vis absorption spec-
troscopy. The result revealed that there is no absorption band
shift due to structural denaturation of proteins such as GOD
and hemoglobin (Hb) after immobilization on the K0.33WO3 (Fig-
ure S2). These appealing features combined with the high elec-
trical conductivity make K0.33WO3 highly suitable as a novel
electrode material for direct electrochemistry of proteins and
bio-applications.

2.2. Fast Direct Electron Transfer

Glucose sensors is always one of most interesting and impor-
tant research areas, due to its importance in the treatment of
diabetes mellitus, a group of metabolic diseases afflicting
about 200 million people worldwide.[50–53] GOD is the key sens-
ing component for glucose detection. The direct electrochem-
istry of GOD involves two-electron transfer coupled with two
protons.[25] Cyclic voltammograms (CVs) of Nafion/GOD,
Nafion/K0.33WO3 and Nafion/GOD/K0.33WO3 electrodes in N2-sa-
turated phosphate buffer solution (PBS) (pH 7.0) at 0.1 V s�1

were investigated (Figure 5 a). Neither Nafion/GOD nor Nafion/

K0.33WO3-modifed electrodes showed any redox peak. In con-
trast, the Nafion/GOD/K0.33WO3 electrode exhibits a pair of sym-
metric, reversible peaks located at �0.468 and �0.441 V. This
clearly indicates that direct electron transfer of GOD can be
successfully achieved by the growth of K0.33WO3 on the W elec-
trode surface. From the integration of the cathodic peak of the
Nafion/GOD/K0.33WO3 electrode at 0.1 V s�1, the surface cover-
age of GOD calculated from G= Q/nFA, where Q is the charge
involved in the reaction, n is the number of electron trans-
ferred, F is Faraday constant and A is the electrode area, is
2.9 � 10�10 mol cm�2. Upon increasing the scan rate from 0.02
to 0.5 V s�1, the redox peak currents increase linearly at the
Nafion/GOD//K0.33WO3 electrode, as shown in Figure 5 b. This is
a typical surface-controlled electrochemical reaction.[25] The po-
tential difference between the anodic and cathodic peaks (DEp)
increases with increasing scan rate. At scan rates of 0.05, 0.1
and 0.2 V s�1, DEp is 17, 26 and 28 mV, respectively (inset of Fig-
ure 5 b). The electron transfer rate constant (ks) between GOD
and the electrode estimated from the Laviron model[18–20] is
9.5 s�1,[18–20] which is much higher than those of GOD immobi-
lized on CNTs,[13, 14, 53] Au,[15] and most inorganic nanostructure
films such as highly porous TiO2.[18] The above results may indi-
cate that the K0.33WO3 nanosheet film does not only play an
important role in stabilizing GOD by providing a friendly mi-
croenvironment, but also provides a unique nanostructure,
good conductivity and high hydrophilicity to enable fast direct
electron transfer.

2.3. Glucose Sensing

For the Nafion/GOD//K0.33WO3 electrode, when the CV is mea-
sured in air-saturated PBS, a pair of redox peaks is still ob-
served (Figure 6). However, the cathodic peak current increases
and the anodic current decreases as compared to the result in
N2-saturated PBS. This confirms that oxygen dissolved in the
solution can be catalytically reduced by GOD-FADH2 at the
electrode.[14] Upon addition of 1.5 mm glucose to air-saturated

Figure 5. a) CVs of different electrodes in 0.1 m pH 7.0 N2-saturated PBS solu-
tions at 0.1 V s�1: Nafion/KWO; Nafion/GOD; Nafion/GOD/KWO. b) Plots of
cathodic and anodic peak currents and DEp versus scan rate.

Figure 6. CVs of the Nafion/GOD/KWO electrode in N2- and air-saturated
0.1 m PBS solutions with and without the addition of 1.5 mm glucose. Scan
rate: 0.05 V s�1.
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PBS, the cathodic peak current decreases as a consequence of
the enzymatic reaction between GOD-FAD and glucose.[13, 14, 25]

There is an argument whether a glucose sensor really involves
the direct electron transfer of GOD if it relies on detection of
decreased amperometric responses of oxygen reduction like
a Clark glucose sensor rather than directly sensing glucose oxi-
dation through direct electron transfer between glucose ox-
idase and electrode.[54, 55, 56] However, our work[57] has clearly
demonstrated that this type of biosensor is indeed based on
the direct transfer of GOD to have high sensitivity. We now
propose a detailed mechanism.

An amperometric experiment was carried out to test the
biosensor performance. A typical current–time plot of the bio-
sensor on the successive additions of glucose is illustrated in
Figure 7 a (potential : �0.45 V). The stepped increase of glucose
concentration in buffers causes the corresponding decrease in
the current, and a well-defined response is observed. Even at
a low glucose concentration of 5 mm, there is still an obvious
decrease in the current. The average time to achieve a 95 %
steady-state current is ~4 s, indicating a fast sensing response
time. The calibration plot (Figure 7 b) is linear over the concen-

tration range from 5 mm to 1.5 mm, with a slope of
8.3 mA mm

�1 and a correlation coefficient of 0.9998. The detec-
tion limit is as low as 0.5 mm at a signal-to-noise (S/N) ratio of
3. An extremely attractive feature of the K0.33WO3-based bio-
sensor is its high sensitivity, namely 66.4 mA mm

�1 cm�2. This
value is superior to that reported for a glucose biosensor using
a Pd/Pt-exfoliated graphite electrode,[51] twice of that of a bio-
sensor constructed with Pt/CNTs,[52] and much better than
those of other glucose biosensors reported in literature.[14, 18, 25]

When the concentration of glucose is higher, a platform
emerges in the catalytic peak current, which accords with the
Michaelis–Menten model. The calculated apparent Michaelis–
Menten constant (Km

app) is 2.05 mm based on Lineweaver–Burk
equation: 1/Im = 1/Imax + Km

app/(cImax) (Figure 7 b), where Im is the
steady-state current, Imax is the maximum current, and c is the
glucose concentration. The small value suggests a high affinity
of GOD/K0.33WO3 film to glucose.[8, 20] Due to its high sensitivity
and low limit of detection, this sensor can easily be tailored
with various dynamic ranges for different applications.[6, 8]

The good performance of our biosensor is mainly attributa-
ble to the hydrophilicity and electrical conductivity of K0.33WO3

nanosheets. Hydrophilicity not only facilities the effective im-
mobilization and bioactivity retention of GOD on the electrode
surface, but also shortens the distance for glucose to easily
reach the GOD-active sites.[11] The high electron mobility of the
nanosheets and their robust electrical contact with the sub-
strate with extremely low interfacial resistance results in rapid
and easy electron transfer from biomolecules to electrode. In
particular, electron transfer through these highly crystalline ori-
ented nanosheets is expected to be faster than the percolation
through the conventionally used particles. Actually, the con-
ductive film provides an electronic circuit as a series of “con-
ductive bridges”[10] that accesses the redox center of GOD and
connects the electrode at the same time, making it possible to
reduce the electron-tunneling distance. In addition, the three-
dimensional network of cleavage crack-abundant nanosheets
significantly increases the surface area for more GOD immobili-
zation, thus benefiting the sensitivity of the biosensor. On the
other hand, the direct growth of K0.33WO3 nanosheets from the
W electrode substrate ensures a good adhesion between
nanosheets and substrate, which helps to maintain the opera-
tional stability of the electrode. As confirmed, there is nearly
no obvious decrease of the voltammetric response after con-
tinuously scanning for 50 cycles. The excellent operational sta-
bility of electrode contributes additionally to the high perfor-
mance of the biosensor. Our work opens up the possibility to
develop advanced multicharacteristic electrode materials for
biosensing applications.

The operation of the biosensor at �0.45 V vs SCE ensures
good selectivity for glucose, which is particularly important in
an implantable glucose sensor.[4] We observed that there was
no significant change of the amperometric response when
0.1 mm dopamine (DA) and ascorbic acid (AA) that commonly
exist in human blood were added to the PBS solution (inset of
Figure 7 a). We further investigated the relationship between
the sensitivity of biosensor and the GOD concentration used
for immobilization. As shown in Figure 8, there is an optimal

Figure 7. a) Current–time curve of the Nafion/GOD/KWO electrode for suc-
cessive additions of glucose to air-saturated and stirred 0.1 m pH 7.0 PBS so-
lution at �0.45 V. The inset shows the effect of interfering species on the
biosensor response. b) Calibration curve (current versus glucose concentra-
tion) and Lineweaver–Burk plot (I�1 versus C�1).
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GOD concentration (15 mg mL�1). In the concentration range
from 0~15 mg mL�1, the higher the GOD concentration, the
higher the sensitivity. Under these conditions, it is believed
that the rough surface of K0.33WO3 nanosheets with numerous
structural cracks are in direct contact with adsorbed GOD.
However, a further increase in the GOD concentration results
in the decrease of sensitivity. This is because a very high GOD
loading could produce layer of GOD too thick to allow full con-
tact with the K0.33WO3 nanostructure electrode surface, thus in-
hibiting direct electrochemistry. Also, with too high GOD con-
centrations, the operational stability was found to decrease
continuously during electrochemical measurements. Obviously,
the adsorption of GOD is of great importance to the perfor-
mance of glucose biosensors. The adsorption profile of GOD
on the nanosheets and its relationship to the sample surface
area need to be further studied for better performance. In
order to achieve both larger loading capacity and higher sensi-
tivity, development of 3D structured nanosheets may be a pos-
sible strategy. The storage stability of the biosensor was stud-
ied by storing the sensor dry at 4 8C and studying the direct
electrochemistry of GOD and the response to glucose. When it
was stored for one week, no obvious decrease in the current
for the direct electrochemistry and the response to glucose
were detected. After one month, the sensor still retained 92 %
of its initial current response to glucose. The fabrication repro-
ducibility of five electrodes, made independently, showed re-
producibility with a relative standard deviation (RSD) of 3.5 %.

The sensor was further examined in three serum samples
and compared to the measured results in clinical labs. Before
the analysis all the serum samples were 5-fold diluted to make
the concentrations of glucose within the linear response
range. The results are shown in Table 1. The two methods are
in an acceptable agreement. The recoveries were also deter-
mined with the standard addition method in serum samples.
In experiments, glucose standard solutions of 0.35 mm were
added and mixed with the 5-fold diluted human serum sam-
ples. The recovery results further indicate good reliability of
this biosensor.

Electrical conductivity and hydrophilicity are constantly de-
manded for electrode materials for various electrochemical de-
vices. Although not discussed here, we believe that the
K0.33WO3 nanosheet film electrode investigated in this work
holds great promise in other electrochemical applications such
as biofuel cells and Li-ion batteries.

3. Conclusions

In summary, a K0.33WO3 nanosheet film has been fabricated
from W foil by a simple thermal heating method. The resulting
film displays a remarkable combination of unique nanostruc-
ture, high conductivity and good hydrophilicity. The K0.33WO3

nanosheet-modified W foil was thus directly used as electrode,
at which a fast direct electrochemistry of GOD was successfully
realized. A possible mechanism for the fast electrochemistry
was proposed. The electrode also showed excellent sensing
performance in terms of high sensitivity, low detection limit,
fast response and long-term reliability based on direct electro-
chemistry of GOD. The unique nanostructure, high electrical
conductivity along with its good hydrophilicity, thermal stabili-
ty and inherent biocompatibility, make the K0.33WO3 nanosheet
a promising material for many technological applications such
as biosensors, batteries and biofuel cells. Our work not only
provides a highly effective route for the direct growth of nano-
structured electrodes, but also sets a good example of broad-
ening the application of tungsten bronzes. In the future, stud-
ies are necessary to synthesize the nanosheets with various
thicknesses and further explore the relationship between the
sheet thickness and the sensing performance.

Experimental Section

Synthesis of the Nanosheet Film

The fabrication of K0.33WO3 nanosheet film was very simple. Firstly,
a piece of cleaned W foil (2 � 2 � 0.025 cm3) was sonicated in the
KOH solution (0.1 m) for 30 min. After dried, it was heated on a hot-
plate under ambient conditions at 600 8C for 24 h, under which
a vapor–solid mechanism[40] governed the nanosheet growth.

Characterization

The product was characterized using powder XRD (Bruker D-8
Avance, CuKa radiation; l= 1.5418 �), TEM (JEM-2010FEF, 200 kV),
SEM (JSM-6700F, 5.0 kV), Raman spectroscopy (Witech CRM200,
532 nm), contact-angle meter (FTA 1000), and AFM (Veeco). For
TEM tests, the nanosheets were first lightly scraped from the sub-
strate with a blade and mixed with ethanol. Then, a drop of the

Figure 8. Biosensor sensitivity versus the GOD concentration used for immo-
bilization.

Table 1. Determination of glucose concentration in serum samples.

Sample Hospital/5-fold
diluted
[mm]

Present
method
[mm]

RSD [%],
n = 5

Added
[mm]

Found
[mm]

Recovery
[%],
n = 5

1 0.84 0.82 �2.4 0.35 1.14 96
2 0.65 0.63 �3.1 0.35 1.02 102
3 0.98 1.02 4.1 0.35 1.29 97
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sample was placed on a copper mesh coated with an amorphous
carbon film, followed by evaporation of the solvent. For I–V test of
single nanosheets, a FET device was used; the as-grown K0.33WO3

was removed by sonication from the substrate and subsequently
dispersed in ethanol. The solution was dropped on SiO2/Si (i.e.
200 nm insulated SiO2 film over Si substrate, gate electrode), and
then two Au contact pads 100 nm thick were fabricated by photo-
lithography and rf-sputtering(as source and drain electrodes). The
electrical transport property was measured by means of a Suss
probe station with Keithley 4200 SCS.

Electrochemical Measurements

For protein immobilization, K0.33WO3 nanosheet film on W electrode
was first wetted by 0.01 m phosphate buffer solution (PBS, pH 7.0)
and dried by high-purity N2 gas. 5 mL GOD (40 units mg�1) solution
(15 mg mL�1 in 0.01 m PBS, pH 7.0) was then dropped onto the
electrode surface. After the evaporation of water, the electrode
was stored at 4 8C for one day. The electrochemical properties
were examined with a dual-channel electrochemical workstation
(CHI 760) using a conventional three-electrode system, which con-
sists of a Pt wire as the counter electrode, a saturated calomel elec-
trode (SCE) as the reference, and a 0.25 � 0.5 cm2 K0.33WO3 film on
W as the working electrode. Prior to the measurement, a 5 mL
0.5 w % Nafion solution was further introduced as a backbone to
give stable and homogenously cast thin film. For the direct electro-
chemistry test, the solution was purged with N2 for 30 min first to
deplete dissolved oxygen. After the purge, a continuous stream of
N2 was introduced into the cell above the liquid surface to main-
tain an inert atmosphere over the testing solution.
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